Safe and efficient conversion of solar energy to metabolic energy by plants is based on tightly interregulated transfer of excitation energy, electrons and protons in the photosynthetic machinery according to the availability of light energy, as well as the needs and restrictions of metabolism itself. Plants have mechanisms to enhance the capture of energy when light is limited for growth and development. Also, when energy is in excess, the photosynthetic machinery slows down the electron transfer reactions in order to prevent the production of reactive oxygen species and the consequent damage of the photosynthetic machinery. In this opinion paper, we present a partially hypothetical scheme describing how the photosynthetic machinery controls the flow of energy and electrons in order to enable the maintenance of photosynthetic activity in nature under continual fluctuations in white light intensity. We discuss the roles of light-harvesting II protein phosphorylation, thermal dissipation of excess energy and the control of electron transfer by cytochrome b 6 f, and the role of dynamically regulated turnover of photosystem II in the maintenance of the photosynthetic machinery. We present a new hypothesis suggesting that most of the regulation in the thylakoid membrane occurs in order to prevent oxidative damage of photosystem I.
INTRODUCTION
Solar energy conversion systems of oxygenic photosynthetic organisms are predisposed to inactivation and damage under all natural environmental growth conditions. Thus, the maintenance of both photosystem II (PSII) and photosystem I (PSI) requires not only protection against photo-oxidative damage, but also a mechanism for fluent and controlled repair of the damaged photosystem. PSII and PSI have evolved different strategies to cope with photo-oxidative stress. PSII is generally known as a photosystem with exceptionally high susceptibility to light damage, yet the recovery mechanism functions vigorously and the damage can be rapidly repaired [1] , with inhibition of PSII activity at the leaf level becoming evident only when the rate of damage exceeds the rate of repair. The occurrence of PSII damage increases linearly with increasing photon fluence rate [2, 3] , whereas the rate of repair is dynamically controlled by the energetic state and production of reactive oxygen species (ROS) in the photosynthetic machinery [4 -6] , which is strongly affected by environmental conditions and the metabolic state of the plant. In sharp contrast to PSII, the PSI centres seem to be efficiently protected against photodamage, although in rare cases of damage the subsequent recovery of PSI is extremely slow [7] . Despite this, light can also be very dangerous to PSI under specific conditions, as demonstrated in chilling-sensitive plants at low temperatures [7, 8] and in the pgr5 mutant [9, 10] .
Plants have a capacity to regulate the relative reducing efficiencies of PSII and PSI through several different means. These include (i) control of relative excitation of PSII and PSI, (ii) regulation of the speed of electron transfer via the cyt b 6 f complex, and (iii) tuning the amount of active PSII reaction centres. Photoprotection of photosynthesis is known to involve PSII turnover, non-photochemical dissipation of excitation energy (non-photochemical quenching, NPQ), light-harvesting complex II (LHCII) protein phosphorylation to regulate excitation energy distribution between PSII and PSI, and regulation of electron transfer by the cyt b 6 f complex. However, most of the research concerning photosensitivity of the photosynthetic apparatus and the mechanisms evolved to protect it against photodamage is focused on PSII. In this opinion paper, we broaden the current view of photoprotection to include PSI.
THE FACTS AND ENIGMAS IN PHOTOPROTECTION
Research on photoprotection mechanisms taking place in the photosynthetic machinery has generally focused * Author for correspondence (evaaro@utu.fi).
One contribution of 16 to a Theo Murphy Meeting Issue 'The plant thylakoid membrane: structure, organization, assembly and dynamic response to the environment'. on two topics: photoinhibition mechanisms and the repair cycle of PSII [11] , and the strategies used by the photosynthetic machinery for dissipation of excess energy before it can enter the PSII reaction centre [12] . This somewhat limited focus may stem from the common perception that PSII damage must be repaired in order to prevent accumulation of radicals generated by chlorophyll molecules in damaged PSII and its light-harvesting antenna [13] .The Sakamoto group has indeed shown an accumulation of ROS in a mutant with delayed degradation of PSII under high light [14] , but the mechanism used by damaged PSII for donating electrons to molecular oxygen to generate the ROS seen in these mutants remains unknown. It could in fact be postulated that electrons accumulated in the electron transfer chain (ETC) under high light exceed the capacity of PSI electron acceptors and lead to ROS production by PSI in a classical way [15] . It is worth noting that plants stay green without problems under conditions where the photosynthetic electron transfer reactions do not occur or are very slow, for example, in evergreen conifers during autumn and winter. During these seasons, their needles continue to absorb light, even though it cannot be used for CO 2 assimilation because the enzyme systems are largely inhibited at low temperatures. Survival of evergreens in these conditions involves reduction of the light-harvesting antenna size [16] , as well as a marked reduction in the amount of PSII complexes, while the amount of PSI remains unchanged [17] [18] [19] . More generally, it is highly possible that slowing down PSII photochemistry and the accompanying redox chemistry can function as a protection system for the entire photosynthetic machinery against photodamage. The capability of the photosynthetic pigment-protein complexes to survive under any environmental and metabolic constraints strongly suggests that the production of ROS by the chlorophylls in vivo is minimal, and that plants can efficiently eliminate the generation of oxidative damage by limiting the electron transfer reactions. Severe damage to the photosynthetic apparatus may be more likely to result from uncontrolled redox chemistry, such as electron flow from PSI to molecular oxygen.
Chloroplasts cannot fully avoid the production of ROS and an efficient antioxidant scavenging system for their detoxification has evolved in plant chloroplasts [15, 20] . It is also important to note that the ROS are not only harmful side products of the electron transfer reactions in oxygenic environments, but they also function as important signalling molecules in chloroplasts and in retrograde signalling between the chloroplast and the nucleus [21, 22] . In fact, the thylakoid membrane has an ROS-producing enzyme, the plastid terminal oxidase, which directs electrons from the PQ-pool to molecular oxygen [23] . This reaction, depending on the capacity of the ROS scavenging enzymes, can function either as a safety valve for excess electrons or as a producer of ROS [24, 25] .
A rather dogmatic view in the field is that the dynamically regulated thermal dissipation of excess energy (NPQ) has evolved to protect only the PSII centres [12] , however, some recent discoveries tend to challenge this view. The PSII centres of many mutants deficient in NPQ (npq1 and npq4) are not significantly more susceptible to primary photodamage of PSII than corresponding control plants [26, 27] . Certainly, the maintenance of PSII under severe high-light stress is compromised in the npq mutants [28] , but it remains to be investigated whether this is a primary event, or if it occurs only after photodamage of PSI. It is conceivable that PSII photoinhibition in npq mutants functions to actively downregulate PSII activity in order to decrease the level of reduced PQ pool that may become hazardous to PSI [10, 29] . Among tested 'low NPQ' mutants, pgr5 is most susceptible to photodamage of the photosynthetic machinery [9, 10] . The pgr5 mutant is deficient in development of a proton gradient (DpH) across the thylakoid membrane upon increases, particularly sudden increases, in light intensity [9] , but under stable light conditions pgr5 develops a normal DpH [10] that is required for production of ATP and the maintenance of chloroplast metabolism. Lack of PGR5 (proton gradient regulation-5) prevents not only the rapid induction of DpH-dependent qE, which is the main component of NPQ [9] , but also the pH-dependent photosynthetic control of linear electron transfer ( [30] [31] [32] [33] [34] [35] ; for review, see [36, 37] ), which is normally induced concomitantly with NPQ. Indeed, a lack of only NPQ seems less dangerous for PSII than a lack of both NPQ and photosynthetic control of electrons via the cyt b 6 f complex. The lack of lumen protonation in pgr5 was postulated to occur as a result of decreased cyclic electron transfer (CET) around PSI [29] , which pumps protons into the lumen. The paradox in this view is that speeding up PSI CET would unambiguously lead to slowing down of electron transfer via the cyt b 6 f complex, and it is highly unlikely that these two redox reactions would push against each other. For this reason, we assume that release of the proton gradient controlled by PGR5 occurs not by enhancing PSI CET [10] , but via another mechanism yet to be characterized.
Regulation of excitation energy distribution between PSI and PSII through phosphorylation of LHCII proteins is thought to be a mechanism for low lightacclimation [38] or to adjust thylakoid function to changing quality of light, as concluded from experiments employing very low light intensity [39, 40] . Using normal white light, however, the excitation balance between PSII and PSI provided by steady-state LHCII phosphorylation is essential only for plants grown under light intensity fluctuations [41] . Furthermore, we have observed that the excitation balance provided by steady-state LHCII phosphorylation under fluctuating light is a key factor in maintaining the activity of PSI, but not PSII [42] .
Here, we attempt to broaden the view on photoprotection of the photosynthetic machinery in higher plant chloroplasts. Photoinhibition and turnover of PSII as well as the thermal dissipation of excitation energy (NPQ) and LHCII protein phosphorylation are discussed as general strategies employed by plants to prevent dangerous redox reactions in the entire photosynthetic machinery, including PSI. Higher plants have presumably developed very different strategies to protect PSI from oxidative damage from those of cyanobacteria, the chloroplast progenitors. Cyanobacteria have a high capacity of alternative electron acceptors, so that excess electrons fed to PSI can be easily directed to molecular oxygen via the flavodiiron (Flv) protein 1/3 heterodimer to avoid production of ROS [43, 44] and the ensuing damage to PSI and surrounding biomolecules. This Flv system, however, wastes chemical energy, since the water splitting by PSII leads to water formation on the reducing side of PSI. Homologues to the genes encoding Synechocystis 6803 Flv1 and Flv3 proteins are present in genomes of all cyanobacteria and also in green algae and early land lineages such as mosses and lycophytes [45] , but they are missing from higher plants. Apparently higher plants have evolved alternative mechanisms to avoid a loss of electrons to molecular oxygen in order to protect PSI. Another important difference in the photoprotection strategies of higher plants and cyanobacteria is a unique valve in the latter, composed of the Flv2/Flv4 heterodimer and the Sll0218 protein, which provides extra capacity for directing electrons away from PSII. The valve subunits accumulate under conditions that induce excess reduction of the ETC [46] that pose a potential hazard to the ETC and in particular to PSI.
DOES PHOTOINHIBITION AND REPAIR OF PSII ALSO PROTECT PSI AGAINST PHOTODAMAGE?
In order to maintain and optimize the activity of the photosynthetic apparatus, mechanisms have evolved to protect the most critical components in the system, protection of components with slow repair pathways or of those whose malfunction would endanger the entire photosynthetic system being especially important. The most efficient way to protect the critical components of the ETC is to uncouple them from the hazardous energy transfer reactions under unfavourable conditions. In line with this, slowing down the photochemistry of PSII would be expected to help avoid unwanted redox reactions not only in PSII, but also in the ETC downstream from PSII.
The mechanisms involved in photoinhibition and photodamage of PSII have been extensively studied during the past few decades (see [1, 47] for reviews). Despite a large amount of high-quality research on PSII photodamage, the primary target of the damage in PSII is still under debate [47] , although there is a general consensus that PSII is repaired by degradation and replacement of the D1 protein. This PSII repair cycle is dependent on a dynamic lateral migration of PSII complexes along the thylakoid membrane in plant chloroplasts. Unpacking of damaged PSII -LHCII complexes occurs first, followed by lateral migration of the damaged PSII from grana to stroma-exposed membranes [11, 48] . Upon migration, the PSII complex is at least partially disassembled, allowing the removal of the damaged D1 protein and insertion of the newly synthesized D1 copy in nonappressed thylakoid regions. During the repair process and the subsequent reassembly and migration of PSII back to the PSII-LHCII supercomplexes in grana membranes, the complex is well protected by a large number of various auxiliary proteins (for a review, see [49] ).
In contrast to the vast knowledge on the assembly, damage and repair of PSII, the corresponding processes in PSI are less well understood. One obstacle in research into PSI assembly in plant chloroplasts has been the fast rate at which this occurs [50, 51] . Nevertheless, it is known from Chlamydomonas that the biogenesis of PSI is controlled by the epistasy of synthesis process (CES), in which the presence of the PsaB protein enables the synthesis of the PsaA protein, which is in turn required for translation of the PsaC protein [52] . The assembly of the PSI iron-sulphur clusters is also well coordinated. In cyanobacteria, the Fe-S cluster Fx binds to the PsaA/ B heterodimer after membrane insertion. PsaC, which itself contains two Fe-S clusters that are incorporated in the stroma, can only assemble with a PsaA/B heterodimer that already contains the Fx Fe-S cluster [53, 54] . Next, the assembly of the other stromal subunits PsaD and PsaE takes place, followed by the assembly of the remaining subunits and finally the LHCI antenna [50, 51] . As with PSII, several auxiliary proteins involved in PSI assembly have been identified [50] .
The functioning of PSI generates a strong reductant capable of reducing NADPþ and under stress conditions, when all NADPþ is reduced, electrons can be delivered to molecular oxygen with consequent formation of ROS. The production of ROS depends on environmental factors and on the physiological condition of the plant. When the ETC is fully reduced (e.g. owing to excess light), the Fe-S clusters become reduced [55] , enhancing the production of ROS such as superoxide, hydrogen peroxide and hydroxyl radicals that form from hydrogen peroxide in the presence of reduced iron from the Fe-S clusters [20] . Hydroxyl radicals destroy the Fe-S clusters, which in turn causes a conformational change of PSI that leads to degradation of the PsaB protein by a serine-type protease [56] . Presumably, PSI lacks efficient repair machinery, thus the damage to PSI has been considered to be practically irreversible [7, 57] . It has also been suggested that the chlorophyll molecules attached to the PSI reaction centre proteins PsaA and PsaB can cause secondary damage when the photodamaged PSI proteins are degraded [7] .
Owing to the apparent irreversibility of PSI photodamage as well as the deleterious secondary effects, it seems obvious that plants would evolve mechanisms to avoid specific photoinhibition of PSI. A particularly interesting observation was that the photoinhibition of PSI is fully dependent on electron flow from PSII, and blocking of linear electron flow from PSII by 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) does indeed prevent inhibition of PSI [7, 55, 58, 59] . In consideration of a PSI protection mechanism in higher plants, a question arises as to whether the complex regulation of PSII damage and turnover, taking place at many different levels as described above, has evolved to combat photoinhibition of PSII alone, or whether it regulates the entire ETC in the thylakoid membrane of higher plants in accordance with the metabolic state of the plant and environmental cues. Photoinhibited PSII centres and/or the antenna complexes detach from damaged PSII to dissipate excitation energy as heat, thus preventing accumulation of electrons in the intersystem ETC. We propose that 'controlled' photoinhibition of PSII is a mechanism of photoprotection for the entire photosynthetic ETC, including PSI, after which repair of PSII can continue when the conditions allow safe functioning of the entire ETC.
INTERPLAY BETWEEN NPQ, PHOTOSYNTHETIC CONTROL AND LHCII PHOSPHORYLATION IN PHOTOPROTECTION OF THE PHOTOSYNTHETIC MACHINERY
NPQ of excitation energy is probably the most heavily studied mechanism of photosynthesis regulation. NPQ was initially discovered as an energy-dependent quenching of fluorescence [60] [61] [62] [63] [64] [65] and it occurs in all oxygenic photosynthetic organisms, from cyanobacteria [66] to higher plants. Interestingly, NPQ mechanisms in cyanobacteria, algae and early land plants are either completely different or 'intermediate' forms of higher plant NPQ [62, 66] that have coevolved together with other photoprotective mechanisms. In the following, we focus only on higher plant NPQ mechanisms and regulation of ETC.
NPQ is composed of at least two components that function in different time scales. Feedback de-excitation qE (energy-dependent quenching) is very rapid, occurring in the timescale of seconds, while the slower component, called qI (photoinhibitory quenching), functions in the minutes to dozens of minutes timescale. It is well documented that qE is dependent on the presence of the PsbS protein [63] , which functions as a sensor of lumenal pH through the lumen-exposed protonatable residues [28, 63, 67] . Despite the requirement of PsbS for rapid induction of qE, a slow induction of qE can be achieved without PsbS [68] . Both the slow induction of NPQ in the absence of PsbS and the development of full NPQ in the presence of PsbS are dependent on the carotenoid violaxanthin, which is converted to another carotenoid, zeaxanthin [61, 64] .
State transitions are an extensively studied and widely reviewed mechanism for adjusting the relative excitation between PSII and PSI, and are often described as a third component of fluorescence quenching (qT) [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] . The canonical model of state transitions is based exclusively on research performed with artificial light conditions (light that specifically excites only PSII or PSI) or by using various inhibitors of electron transfer. On the basis of the experiments performed under physiologically relevant light conditions, i.e. different intensities of white light, we postulate that 'state transitions' as such do not occur in higher plant chloroplasts under physiological white light conditions [41] . The traditional use of different qualities of low intensity light to study state transitions contradict the natural redox regulation of the thylakoid protein kinases and phosphatases in plant chloroplasts, leading to a full dephosphorylation (state I) or a full phosphorylation (state II) of both the PSII and LHCII phosphoproteins. LHCII phosphorylation and dephosphorylation by different intensities of white light, however, does not lead to such state transitions, apparently owing to opposite behaviours of the PSII core and LHCII protein phosphorylation under these light conditions [41, 79] . We have provided evidence that LHCII phosphorylation establishes a common antenna bed for both PSII and PSI in the so-called thylakoid megacomplexes [80] , which ensure proper distribution of excitation energy to PSII and PSI. This balance is based on delicate regulation of the phosphorylation levels of different individual thylakoid proteins and on protein surface charges that affect the protein-protein interactions and the migration of PSII core and LHCII complexes in the thylakoid membrane [41, 81] . Coordination of excitation energy distribution between PSII and PSI from the common P-LHCII antenna is crucial in preventing the accumulation of electrons in ETC under low illumination phases of fluctuating growth light, and is therefore important for photoprotection of PSI in plant chloroplasts during the subsequent high light peak.
As discussed above, earlier biophysical experiments [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] , as well as the experiments with the pgr5 mutant, have demonstrated that DpH across the thylakoid membrane controls not only NPQ, but also the rate of linear electron transfer from PSII via the cyt b 6 f complex to PSI [10, 29] . An important observation was the susceptibility of PSI to photoinhibition when the protonation-dependent photosynthetic control of linear electron transfer was removed by an uncoupler [29] , making wild-type (WT) plants mimic the pgr5 mutants [29] . The combination of an absence of NPQ and uncontrolled linear electron transfer is hazardous for PSI, as demonstrated in the pgr5 mutant under fluctuating growth light conditions [10] . Indeed, rapid generation of a proton gradient upon increase in light intensity is essential, on the one hand, to slow down the electron transfer through the cyt b 6 f complex and on the other hand to induce NPQ in the LHC for preventing excess excitation of the photosystems. The pgr5 mutant fails in both respects, not capable of slowing down electron transfer through cyt b 6 f upon increase in light intensity, resulting in over-reduction of PSI electron donors relative to the capacity of the PSI electron acceptors in an uncontrolled burst of reducing equivalents that was suggested to damage the iron-sulphur clusters of PSI [10] . Neither can pgr5 induce NPQ in the absence of a proton gradient, thus allowing PSII to continue feeding electrons into the ETC at high speed. Taken together, the absence of both the NPQ and photosynthetic control in the pgr5 mutant collectively exacerbate the reducing pressure on PSI with hazardous effects on the iron-sulphur clusters. It is important to reiterate that the pgr5 mutant can maintain a normal proton gradient under constant light and only fails during a rapid increase in the pH gradient upon a sudden increase in light intensity that would normally cause a transient strong induction NPQ and slow electron transfer from PQ to PC by the cyt b 6 f complex. Accordingly, it is probable that the pgr5 mutant has no problems with ATP production and achieves normal metabolic homeostasis under constant growth light conditions.
MODEL OF INTEGRATIVE PHOTOPROTECTION OF THE ELECTRON TRANSFER CHAIN IN THE THYLAKOID MEMBRANE
A model presented in figure 1 depicts the synergistic function of PSII photoinhibition, LHCII phosphorylation, NPQ and the photosynthetic control by the cyt b 6 f complex in protection of the photosynthetic Figure 1a describes the state of the photosynthetic machinery under moderate constant light intensities in WT and in stn7, pgr5 and npq4 mutants when carbon metabolism does not limit the rate of photosynthetic light reactions. In all plants, the DpH is high enough to run sufficient ATP production required for maximal carbon assimilation under constant light conditions. Concomitantly, the DpH is also kept low enough not to affect the electron transfer through the cyt b 6 f complex and to keep the thermal dissipation of excitation energy (NPQ) at a proper level. Both the PQ and PC pools remain oxidized owing to the excitation balance between PSI and PSII provided by the STN7 kinase and the efficient utilization of NADPH and ATP by the Calvin -Benson cycle. The stn7 mutant lacks phosphorylation-mediated transfer of excitation energy transfer from the LHCII antenna bed to PSI, such that PSI does not receive enough excitation energy to oxidize the PC pool and the intersystem ETC therefore becomes strongly reduced. (Upon acclimated growth in constant light, the stn7 mutant increases the content of PSI centres to overcome this problem.) The pgr5 and npq4 mutants do not show modifications in electron transfer compared with WT under constant light conditions. Figure 1b depicts the changes in electron transfer upon sudden increase in light intensity. Strong DpH is generated via the function of PGR5 (and possibly also PGRL1a, although mechanism details are unknown). Strong DpH induces a slowing down of electron transfer via cyt b 6 f and the development of NPQ, to maintain oxidized PC and PQ pools, respectively. In the presence of the photosynthetic control, but in the absence of NPQ (npq4) only the PQ pool becomes over reduced, which as such does not seem to be particularly harmful for the plant's wellbeing. In the absence of DpH induction (pgr5), neither the photosynthetic control nor NPQ are induced, which eventually leads to irreversible damage to PSI. When LHCII phosphorylation is missing (stn7) there is, upon a high light pulse, enough light coming to PSI to remove the electrons that have accumulated in the PC pool under constant light, yet the photosynthetic control prevents corresponding oxidation of the PQ pool. Excess electrons suddenly released from the PC pool by PSI, however, may exceed the capacity of PSI electron acceptors, leading to photodamage of PSI. Under prolonged high light stress, depicted in figure 1c, all the transient mechanisms described above lose their importance in preventing PSI damage. Indeed, under prolonged high light conditions the most important regulatory mechanism is the dynamic regulation of PSII turnover. By slowing down the repair rate of PSII, plants can control the electron flow from PSII to PSI at a level that PSI is able to cope with. This is vital to prevent irreversible damage of PSI and to maintain the photosynthetic capacity of the plant. 
